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In Vitro Induction o: Dopaminen ic Cells 

Pr oritv Applications 

. .... : : „,-TT c C-»r OR/df? 070 fi'-V inn* 

Triis application is a tumuiuaiwi m-p<ui -~ ■ — 

7, 1995, which is a continuation-in-part of U.S. Ser. 08/339,090, filed 
: November 14. 19^4. 

3ac! -oun^' o tir i vrr.tion 

It has b. ;n established that th- phr notypic expression and survival of differentiating 
neural cells and trie survival and metabolism of established neural e lls is directed 
by a va- ery of extracellular signals. Neighboring cells and processes surrouncing 
10 neural c Ms, play an important role in the regulation of cell differentiation. 

metabohc function and survival, largely through their release of growth and oihur 
regulatory factors. 

Many neurological disorders, includin. Parkinson's diseas . are the result oi the 
degeneration of specific rr-oups of neural cells. In th: case of Parkinson's disease, 
15 the d£ veneration r: a group of dopamine-containing cells, which connect the 
ventral tegmentum and substantia nigra (located in the ventral portion of the 
mesencephalon, or midbrain) with the striatum, have been implicated in the 
etiology of the condition. 

In order to understand the factors which result in, or could prevent, the 
20 degeneration of these dopaminergic pathways, tissue obtained from tir. 

mesencephalon region has been r xtensively studied. Embryonic dopamine- 
containing neurons, derived from mesencephalic tissue, are difficult to culture as 
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the dopaminergic neurons do not survive well in culture. However, these cultures 
show an enhan ed survival and/or a modified biochemical activity when cultured 
with a conditioned medium or when treated with growth factors. Embryonic tissue 
f-om the mesencephalon has been grown in conditioned culture media (CM) 

5 d rived from the rat B49 glial cell line, the R 33 neural r. tina glial eel! line and 
the JS Schwannoma cell line [Engele, J., et aL, J. Neurosci. Res., 30: 359-37!, 
(1991)1. In all three cases. CM significantly increased the survival of the cultured 
o; :.;riin. ■- jrom 7 - .an.. s;. - iva* o: .ru. at- „ r,in. > n;jror ^c 
not due to tne proliferation of dopaminergic cells but was attributed to the effects 

10 of the CM on existing glial cells derived from the mesencephalic culture and the 
resultant interactions between tht glial cells and the dopaminergic neurons, rather 
than to a direct effect on the dopaminergic neurons. 



Culturing nbryonic mesencephalic tissue in CM prepared from mesencephalic 
astrocytes, j: co-cuituring the tissue on a layer of mesen. -phalon-derived 

15 astrocytes, rescues dopaminergic neurons from death inducec by serum 

deprivation. Astrocytes or the CM prepared from astrocytes from the striatum and 
cerebral cortex had significantly weaker protective effects [Takeshima et aL J. 
Neurosci., 14(8): 4769-4779, (1994)]. In one report, CM derived from cortical 
astrocytes had no effect on dopaminergic cell survival or proliferation bui did alter 

20 the biochemistry of this population of cells, resulting in a small increase in their 
uptake of dopamine [Caul and Lubbert, Proc. R. Soc. Land B % 249: 57-63, 
(1992)]. 

Growth factors, many of which are present in CM from neural tissue, are believed 
to be responsible for regulating dopaminergic neuron survival and metabolism, 

2. either directly, or through their effects on adjacent cells. Growth factors reported 
to have a direct effect on dopaminergic neuron survival include interleukin-6 (IL-6) 
[Hama et aL , Neuro^L, 40(2): 445-452 (1991)], brain-derived neurotrophic factor 
(BDNF) [Hyman et aL y Nature, 350: 230-232, (1991)], basic fibroblast growth 
factor (FGF-2, formally referred to as bFGF) [Dal Toso et aL J. Neurosci. , 8(3): 

30 733-745 (1988); Ferrari et aL Dev. BioL 133: 140-147 (1989); and glial cell line- 
derived neurotrophic factor (GDNF), secreted by the rat B49 cell line [Lin, L.G., 
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etal % Science, 260: 1130-1132 (1993)], all of which specifically enhance the 
survival of dopaminergic neurons in dissociated rat or mouse embryo 
mesencephalon cultures without increasing ne uron or glial cell numbers. GDNF 
dramatically iner ases the morphological differentiation of dopaminergic neurons. 
5 resulting in mor. xtensive neunte outgrowth and increased cell body size. Some 
growth factors, such as nerve growth factor (NGF) (Hatanaka and Tsuki (1986), 
Dev. B r ain: 3C--~ ' :0. "'a: : '-d 'W- rowiY :^-:o: ^nd intc ~ jl n- 

1 <JL-l ; Un;;ele <L Bohn (199:), NeuroscL 11(10): 3C70-3C 8j; Mayer, L. (1993) 
Dev. Brain Res. 72: 253-258) and nerve growth factor (NGF) (Engele &l Bohn, 
10 ibid) are reported to support dopaminergic cell survival in embryonic 

me^pnr^nhfllir tUsue fhrnuph ? rlial c: 11-mediated mechanism. 

- - - f - ■ - ■ w 

In vivo studies indicate that the damage caused by mechanical or chemical lesions 
in the dopaminergic pathways b :ween the mesencephalon and th striatum can be 
significantly rcdue< . by tnatrrun; with epidermal growth factor (EjF) [P -zoli ei 

!.; al, Movement Disorders 6(4) 281-287, (1991)] and BDNi (Hyman et supra). 
In vitro treatment with cyclic AMP, but not FGF-2 or NGF, increased the survival 
of cultured mesencephalic dopaminergic neurons in response to chemical y induced 
degeneration produced by 1 -methyl-4-phenylpyridinium (MPP*) [Hyman et aL , 
supra: Hanikka et aL, /. Neurosci. Res., 32: 190-201, (1992)]. Although the use 

20 of a FGF-2-s:imulated astrocyte CM enhances dopamine uptake, the use of this 
CM did not have a protective effect when the neurons were chemically lesioned 
using MPP" (Gau! and Lubbert, supra). 

Many of the cells obtained from embryonic tissue which normally give;> rise to 
dopaminergic neurons (i.e. normally dopaminergic tissue), such as the 

25 mesencephalon and olfactory bulb, will eventual!) differentiate into dopaminergic 
neurons under primary culture conditions. However, an increased number of ceiis, 
in tissue obtained from normally dopaminergic areas of the brain, can be induced 
to differentiate into dopaminergic cells by co-culturing with feeder cell layers 
derived from neural tissue. The dopaminergic neurons of the olfactory bulb show 

30 a five-fold increase in number when embryonic olfactory bulb neurons are co- 
cultured with olfactory epithelial neurons. It is beiieved that a soluble factor. 
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calcitonin gene-related peptide (CGRP), which is present in the epithelial cells, is 
responsible for the induction of additional dopaminergic neurom in the olfactory 
bulb [Dc ais-Donini, Nature, 339: 701-703, (1989)]. Co-culturing rat embryonic 
neostriatal and substantia nigral tissue for one to three we ks on glial cell feeder 
5 layers obtained from the substantia nirra region induces the expression of 

dopaminergic cells as indicated by tyrosine hydroxylase immunoreactivity (TK + ) 
in he tissu- ulrured from both areas. However, when the same tissues were co- 
t ii.jr^c? ^ ;x - ...r r 3m th*- :/>..- stratum opammergic cells* w?*-£* o: > - vt, „ 
only in the sutitantia nigra tissue but not in th- - ^striatal tissue [Beyer et al, 

10 Neurosci. Lett., 128: 1-3, (1991)]. The mechanism underlying the apncarance of 
TH — IR in neostriatal tissue (an area which dn-s not contain dopaminergic cells in 
the adult) was not determined. However, it could have be^n due to the induction 
of TH+ cells in the substantia nigral cell feeder lave: in response to the presence 
of the striatal tissue; to th induction of dopamines ic properties in the striatal 

1: cells; or to promotion of the survival of dopamine t : cf in striatal tissue, such 
c<- Is having ; -en r -ported to o^eur transiently dunn*. d eopment in the striatum 
(Tashirc e: al (1989) Ncurosci. Lett. 97: 6-10) and cortex (Satoh and Suzuki 
(1990), Dev. Brain Res. 53: 1-5). Small numbers of TH+ cells (140 TH + 
cells'cm 2 ) have been induced in tissue from embryonic rar cortex using a 

20 combination of BDNF and dopamine, in a culture medium which contained 10% 
fetal calf serum. Fewer TH+ cells were seen when BDNF, or aopamine were 
used alone (Zhou et al. (1994), Dev. Brain Res. 81:318-324). A few cells from 
embryonic mouse striatal tissue can be induced to express TH+ when incubated 
with FGF-1 and an enhanced result can be obtained using a combination of FGF-1 

25 and an unidentified > 10 kD fraction obtained from muscle tissue (Du et al. (1994) 
7. Ncurosci. 14(12): 7688-7694). 

Th: d feneration of the substantia nigra dopaminergic neurons which characterizes 
Parkinson's Disease is normally treated using pharmacological interventions to 
augm nt the declining natural dopamine supply to the striatum. However there 
30 are problen s associated with drug treatment such as the development of tolerance 
to the medication and possible sid-. effects. Neuronal grafts, using embryonic 
substamia nigral' tissue have shown some potential for relieving experimentally 
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induced Parkinsonism in rodents and primates and in some human Parkinsonian 
patients. However, graft survival is poor and only limited quantities of embryonic 
dopaminergic tissue are available. On average, 4-10 fresh, human embryos are 
required to obtain sufficient numbers of dopaminergic n urons for a single human 
5 transplant (Widner et aL, N Enpi J Med 3:7: 1:56-1563 (1992)). Preferred 
treatment would involve prevention of, or a reduction in the amount of th 
d- deration whi h occirs. On-* darr.ag hr ccu—ec". i: wouL b -ef abh to 
replace the lost cells by implanting n w doparr. er, c neurons using cells derived 
from neural evils which have been proliferated in culture preferably from a non- 
10 tumor cell line, or from cells that have not been intentionally immortalized in order 
to induce nroliferation and. most preferably, woulc oe d rived from a patient's 
own neural tissue. Alternatively, a less invasive treatment would involve the in 
vivo manipulation of the patient's own population of neural c^ils in order to replace 
the function of th damaged dopaminergic neurons. 



Li The prior art suggests that cultures of dopamine- ::ic cells can be obtained through 
the use of glial feeder layers, or the application of certair owth factors or 
conditioned media to mesencephalic tissue and other dopaminergic tissues. Thvse 
treatments can induce differentiation, increase the survival, or alter the metabolism 
of celL from normally dopaminergic tissue that has been cultured in vitro, 

20 However, culture methods for inducing cells from other, non-dopamincrgic brain 
regions to differentiate into dopaminergic cells are limited. While it has been 
demonstrated that a feeder layer of cells from regions such as the substantia nigra 
and olfactory bulb (areas which normally contain a relatively high population of 
dopaminergic cells) can be used to induce the appearance of dopaminergic cells in 

25 certain embryonic central nervous system (CNS) tissues, there is no evidence that 
cells from non-dopaminergic neural tissue could be used as feede- layers in tissue 
culture designed to induce the appearance of dopamine in tissues, such as ;ne 
striatum, which co not normally contain dopamine. 



For some purposes, especially transplantation and cenain drug testir, procedures, 
30 it would be advantageous to use complete v defined culture conditions to induce the 
differentiation dopaminergic cells. It would be particularly acvanageous if the 
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celis were obtained from both dopaminergic and normally non-dopaminergic neural 
tissue sources, thus maximizing the number of dopaminergic cells that can be 
generated from a single embryo. 

There exists a need in the an for a reliable method of inducing neural ceils, 
5 derived from all brain regions, from tissue obtained from animals of all ag s, to 
differentiate into dopaminergic cells in the presence or absent of a feeder layer 
ijbsi . 1 • .;artu- /.a; l wouL> : ,- ; - verity u> :■ mcucf -> . :.:iQr. c>- 
dopamine in cells derived from regions which do not normally contain 
dopaminergic cell bodU >, such as the striatum, but which require dopamine for 
10 normal functioning. 



Recently, it has been demonstrated that multipotent neural stem cells, obtained 
from embryonic and adult tissue, can be proliferated in vara to generate large 
numb -s of neural stem cell progeny, which, under appropriate conditions, can 
din- nt:..u into neurons and : ia (PC7 Dpi! rations No. WO 93/01275, WO 
15 94/lo718, WO 94/10292, and WO 94/09119). 1; would be advantageous to 
generate dopaminergic cells from the proliferated progeny of multipoint neural 
stem cells, derived from any area of the CNS. 

Accordingly, it is an object of this invention to provide a method for inducing 
laree numbers of neural cells obtained from normallv non-dopaminergie tissue to 
20 differentiate, in vitro, into dopaminergic ceils in ora :r to provide a reliable source 
of dopaminergic cells for various applications such as transplantation into patients 
with dopamine deficiencies and for drug screening procedures. 

It is a further object of the invention to provide a method of inducing the 
undifferentiated, proliferated progeny of multipotent neural stem cells, derived 
25 from any area of the CNS known to contain such cells, to differentiate into 

dopaminergic cells, in order to provide unlimited quantities of dopaminergic cells 
for transplantation, drug screening and other purpos >. 
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Additionally, it is an object of the invention to provici. tissue culture methods that 
use complexly denned culture conditions, and thus do not require th. presence of 
a feeder laver of cells, conditioned medium, or serum, to increase the number of 
dopaminergic celh obtained from a single embryonic brain. Such c lis would have 
5 use in srx -:;\c applications such as transplantation into pa:i. nts with dopamine 
deficicnci- s and for certain drug screening procedures. 

Tii. anc o:r; - objects anc featu: : of the invention wil: be apparent to thosi 
skilled in thL art from the following detailed description and the appended claims. 

None of the foregoing references is believed to disclose the present invention as 
10 claimed and is not presumed to be prior an. The reference, are offered for the 
purpose of background information. 

w'HUHail 3 f th :"v ' ^tion 

A nvthoa for inducing the exprtision of tyrosine hydroxylase in neural cells in 
vi:n is disclosed. The method comprises contacting neural cells with a culture 
15 medium comprising at least one member of the fibroblast growth facior family and 
at least one additive selected from the group consisting of conditioned medtum and 
molecules of the transforming growth factor beta family. The method induces 
neural cells obtained from normally non-dopaminergic neural iissue such as the 
striatum and the cortex to express tyrosine hydroxylase. 



20 A method for treating a neurological disorder in a patie::; requiring dopaminergic 
cells is also disclosed. The method comprises contacting neura ! ceils with a culture 
medium comprising at least one mer.Der of the fibroblast growth factor family and 
at least one member of the transforming growth factor beta family to produce 
differentiating or differentiated dopaminergic cells and transplanting the 

25 dopaminergic ct Is into the patient. 

Description o* the Drawings 

FIG, 1. Dividing subependymal cells, in the subventneular zone of adult mice 
were labeled with repeated injections of BrdU over a 24 hour period. Within 30 
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minutes of the last injection, the mice were sacrificed and their brains removed. 
The subventricular zones were removed and the dissociated cells w; -e cultured on 
poly-L-ornithine coated coverslips using complete medium with or without 
conditioned medium derived from the rat B49 glial cell line and FGF-2 (20 ng/ml). 
5 Tnret days after plating, the cells were fixed and processed for dual-label indirect 
immunocytochemistry for TH (Eugene Tech, polyclonal 1:1000) and BrdU 
(Am- -s"~.am, monoclonal, 1:100). BrdU-labelled cells (dividing subependymal 
c, .:>/ wt- - . aisc Ti "-im nunorea^'e v,- w, • • see; oni_ . :ht - \p- -im- :s-in 
which the conditioned medium anc growth factor were used. (A) A single BrdU- 
10 immunoreactive cell (arrow) that is TH-immunoreacuve (B, arrow) suggesting that 
the adult proliferating subependymal cells car be induced to express TH in the 
pres: nee of the conditioner medium and growth factor. 



FIG, 2. Single, undissociated si\ day old primary generated neurospheres were 
plated onto poly-L-ornithine coated \ lass covers' ips in DM EM. 'F 12 hormone mix 

l c med;um with conditioned nv. d i a r. . derived frorr the r;.t B49 i ;a ctil line and 
FGF-2 (20 ng/ml). Immunocytoehemieai analysis 24 hours late: revealed the 
presence of TH + cells. (A) Pha :,e contrast micrograph of a neurosphere 24 hours 
post-plating. (B) The same sphere as in A, processed for TH- 
immunohisiochv mistry, reveals the presence of at least one TH -+- cei,. having 

20 neuronal morphology. 



FIG. 3. Single, undissociated six day old second passage neurospheres were 
labelled with BrdU and plated onto a confluent bed of striatal-derived astrocytes. 
24 hours post-plating, the cells were processed for dual-label indirect 
immunocyuehemistry for TH (Eugene Tech, polyclonal 1:1000) and BrdU 
25 (Amersham, monoclonal, 1:100). (A) A BrdU-immunoreactive cei; (arrow) is (B) 
TH-immunoreactive (arrow). (C) TH-immunoreactive cells (arrows) are a:so 
MAP-2 immunoreactive (D), demonstrating other neuronal characteristics, in 
addition : morphology. 
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Detailed Description of the Invention 

In Vitro Induction of Dopaminergic Cells Derived from Primary 
Cells Obtained From Normally Non-Dopaminerfic Neural Tissues 

The ttrm "dopaminergic neural tissue" refers to the tissue from regions of the CNS 

5 tha: are known, in the mature state, to contain significant numbers of dopaminergic 

cell bodies. Dopaminergic cells are neural cells whose presence in n^ ;ral tissue is 

determined by th' presence of tyrosine hydroxylase (TH) or th. j presence >f 

c: -.m.. ^..-d:D. ; yhs, and. o r t: ac^.n- or sjpamin oeia;^ c:o; ylas wiu..n 

th cells, polymerase chain reaction techniques, or antibodies directed against 

10 dopamine. Tyrosine hydroxylase is the rate-limiting enzyme in the biochemical 
pathway which karis to dopamine production and is commonlj used in the an as a 
marker for dopaminergic m urons. Dopaminergic neural tissue is found in regions 
of the retina, olfactory bulb, hypothalamus, dorsal motor nucleus, nucleus tractus 
solitarious, periaqueductal gray matter, ventral te, mtnum, and substantia nigra. 

15 The te-m "no-malij non-copamincrgic n- iral tissu/", as us-.d herein, refers to the 
tissu' from r :ic ns of the developed CNS that are not dopaminergic neural tissue. 



Using the methods disclosed herein, primary ceils obtained trom dissociated, 
n jral tissue are induced to express tyrosine hydroxylase. The term "primary 
neural cell" refers to a cell obtained from neural tissue that has not been passaged 

20 in vitro (to a secondary culture). Primary neural cell cultures are prepared by 

removing tissue from an animal using any sterile procedure, dissociating the tissue 
to generate a suspension of primary cells, and placing the ceils in any medium 
known to support the survival of ceils. The primary cells are exposed to a culture 
medium comprising growth factors that induce dopamine production in cells 

25 obtained from normally non-dopami;:ergic neural tissue. The term "growth factor" 
refers to a biological factor (;.e. a biologically active substance functional in CNS 
cells) such as a protein, peptide, amino acid, lipid, carbohydrate, nucleic acid, 
nucleotide, or other substance having a growth, proliferative, difterentiative, or 
trophic effect on neural cells, either singly, or in combination with other factors. 

30 A growth factor that induces dopamine production will bind to a receptor on a cell 
and induce the cell to begin to express, or increase its expression of messenger 
RNA (mRNA) for dopamine precursor molecules and enzymes involved in 
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dopamint production. A preferred growth factor is a member of the fibroblast 
growth facto: family (e.g. FGF-1 or FGF-2), or equivalent growth factors that are 
capable of binding to FGF receptors on the cells. FGF and equivalent growth 
factors can be used singly or in combination with other grown factors. Growth 

5 factors are gent ally added at concentrations of about 1 to 100 ng/ml, usually 
about 5 ng/m! tc 60 ng/ml. An optimum concentration is in the range of 10-30 
ng/ml, with 20 ng/ml beim most preferred. When a membr of the : GF family is 
LS .. .- : ar~ ,ui.)nau- a yc. .mmoglyc^ mole ui- w: " J'.i'-u the : iir. r 
of FGF to its receptors can be add; d to the culture medium at a concentration of 

10 0.2 /xr'm! - 20 ^g/ml, preferably at a concentration of 0.4 jug/ml - 4 ^g/ml. Most 
preferred is a concentration of about 2 /*g/ml. In a preferred embodiment, the 
culture medium comprises FGF in combination with a member of the transforming 
growth factor beta (TGFJ5) family. The TGFB family includes basic myelin 
proteins (BMP-2, BMP-4, BMP-5, BMP-6, BMP-7), activir.s A & B, 

It dc-a^niar' -c (dpp), 60 A, OP-2, dorsalin, GDFs (1, 3, an^ 9), noda: MIS, 
Inhibir a, transforming growth factors betas (TGI—!. TGF-L2, TCF-G?, TGF- 
B5), and glial-derived neurotrophic factor (GDNF) (bee Atnsano er a/. (1994) J_ 
Biochemic:- et Biophysica Acta vol. 1222:71-80). 

If the TH-r cells are to be used for transplantation purposes or certain cru: testing 
20 procedure:,, i: is preferable to use a completely defined culture medium that has me 
nutrients and hormones necessary for supporting the survival of the cells. By 
"completely denned", i: is meant that all of the components of the medium are 
known. Numerous defined culture media are commercially available. A preferred 
medium, referred to herein as "Complete Medium", comprises a 1:1 mixture of 
25 Dulbecco's Modified Eagle's Medium and F 12 nutrient (GIBCO) plus 0.6% 

glucose, 2mM : ;utamine, 3mM sodium bicarbonate, 5mM HEP5S t jffer and a 
df fined hormone mix and salt mixture (Sigma; \0% by volume) that includes 
25At2/ml insulin, 100 /xg/ml transferrin, 20 progesterone, 50 fj.M putrescine, 
and 30nM selenium chloride. 



30 The culture medium may comprise conditioned media (CM), which is a culture 
medium that has been exposed to living cells and thus contains substances, such as 
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g i-owth factors, that have been released by the cells. However, the addition of CM 
renders the culture medium undefined, and thus is not preferred when the cells are 
tc b used for transplantation purpos. s and certain drug t stinj procedures. CM 
can be obtained from any tissue that can be cultured tha: will induce dopamine 
5 exrrc ;sion ir ; c Ms derived from normally non-dopaminergic neura! tissue and/or 
will attenuate, th; effects of a dopamine-inducing erowth factor. Any amount of 
CM ar. b'j us (0- 1009c). G nera!!\\ the culturt mediurr vvil 1 eonv^s: :"rorr, 
ajout 2: to i00% CM. Preferred CMs are derived from n;al cells. Particularly 
preferred are CMs derived from the rat B49 glial cell line [Schubert ei aL, Nature, 
10 249: 224, (1974)] and CM derived from astrocytes. 

Primary cell cultures are plated, preferably at a densit) in the range of about 10 : to 
10 7 c< Is/ml, more preferably at a density of about 10 6 cells/ml. The cells can then 
be g-own in any suitable container, such as a tissue culture flask, v eil, or peiri 
dish. Th contai ' may or may not have a ^ur;.,:; onto which cells can adhere. 

15 In cases where it is aesirable that cells adhere, it is generally necessary to tr.at 
them with a substance that provides an ionically chargec surface such as poly-D- 
lysine, pol y-L-ornithine, Matrigel, laminin, fibronectin, and other surfaces known 
to induce eel! attachment. The cells are capable of adhering to ceriain plastics. 
However, when glass substrates are used, it may be desirable to treat their 

20 surfaces. When adherence is not desired, glass substrates or some untreated plasnc 
tissue culture substrates can be used. A pol v-L-ornilhme treated culture container 
provides a particularly suitable surface onto which the cells can adhere. 
Alternatively, the cells can be co-cultured on a feeder layer bed of any type or 
combination of types of cells as opposed to on a treated substrate. Preferred for 

25 co-culturing is a feeder bed of other neural cells such as neurons, astrocytes or 
oligodendrocytes derived from any region of the CNS. 

The cultures a r e maintained as close to physiological conditions as possible. The 
pH should be between pH 6 to 8. Preferably between about pH 7.2 to 7,6, most 
preferably at z *?H of about 7.4. Cells should be kept at a temperature close to 
30 physiolo;: cal 1 'els, between 30 to 40° C, more preferably between about 32 to 
38° C and most preferably between about 35 to 37.5° C. The cells should be 
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mainiained in about 5% C0 5 , 95% 0„ and 100% humidity. However, culture 
conditions may be varied. For example, the addition of 1 % fetal bovine serum 
(FBS) results in an increase in the number of TH+ neurons detected after cultures 
have been co-cultured on a glial cell feeder layer for 24 hours and also increases 

5 the numbers of TH+ cells detected when cells are grown in undefined culture 

medium in the absenc of the feeder layer. One preferred embodiment is to grow 
primary cells in a cultun medium containing CM derived from the rat B49 glial 
• c .. i.ni anc • i 2 0" • :.o:r,;,.-,a:..>: o- : <■* anc- A * 

embodiment for cells cultured in a denned medium lor transplantation and other 

10 purposes is to grow pnmary tissue directly on a substrate-coated surface, such as 
poly-L-ornithine-coatec coverslips, in a defined culture medium (e.g. Complete 
Medium) and a combination of FGF-2 with activin or BMP-2. 

The induction of dopaminergic cells is deU- mined usir.< any method capable of 
ms . suri n:. ue pr ;er.c of dopamine, such as immunocytoche ntstry JSing 

l: antibodie, d.rect, 1 against dopar...ne. jr m,-asur;ng the b.ocem.cal acuity of 
dopaminergic cells by measuring dopam.ne uptake. The presence of precursor 
molecules involved in the synthesis of dopamine can be measured. For example, 
immunocytochemical analysis to detect the presence of tyrosine hydroxylase, or 
assays, such as polymerase chain reaction and situ hybridization techniques 

20 which detect mRNA for enzymes involved in dopamine synthesis are useful tools 
for measuring the presence of dopaminergic cells. The ident.f.cauon of 
dopaminergic neurons is accomplished using morphological analysis of neurons or 
by duaJ or triple labeling to show the presence of dopamine or dopamine 
precursors plus immunoreactivity for neuron specific enolase (NSE). the 

25 neuroma; lent proteins tau-1 and MAP-2 or for n-. >N (a neuronal nuclear antigen) 
or fi-tubuiin and/or bromodeoxyundme (BrdU). which labels actively dividing 
cells. 
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In Vitro Induction of Dopaminergic Cells Derived from Multipotent Neural Stem 
Progeny Proliferated In Vitro From Embryonic and Adult Mammalian Neural 
Tissue 

Multipotent neural stem cells have - en reported and their potential use described 
[Reynolds and Weiss, Science, 2: 5: 1707 (1992); Reynolds et a!., J. NeuroscL, 
12: 4565 (1992); Reynolds and Weiss, Restorative N. trolo£\ and Neurosance, 4: 
208 (1992); Reynolds and Weiss, Neuronal Cell Death and Repair, ed. Cuello 



_ - jtii: o" '.u - c- .s ,ii o J- 

application, no. WO 93/31275, WO 94/16718. WO 94/10292, ano WO 94/091 19. 
10 As used herein, the term "neural stem cell" refers to an undifferentiated 

multipoint neural stem cell that can be induced to proliferate in vitro in the 
present of a proliferation-inducing growth factor such as, amphircguiin, acidic 
fibroblast growth factor (aFGF or FGF-1 ), basic fibroblast growth factor (bFGF or 
F3F-"), transforming growth fa ;or aipha (TGFo), and the like. The neural stem 
1L c lis capable of self-maintenance, nr. anin: th:t win each cell division, one 

daurhi - ;c. wil also be a stem cell. The non-sum o. M pro: r.y ! ... pro< ?nitor 
cells) of a singk nultipotent neural stem cell are capable of d. .Ten ntiatir.g into 
neurons, astrocyt s (type 1 and type 11) and oligodendrocytes. Hence, the neural 
stem cell is "rr. jlupotent" because its progeny have multiple differentiate 
20 pathways. 

The term "neural progenitor cell", as used herein, refers to an unJitierennated cell 
derived from a neural stem cell, that is not itself a stem cell. A distinguishing 
feature of a progenitor cell is that, unlike a stem cell, ,t has limited proliferative 
ability and thus does not exhibit self-maintenance. It is committed to a particular 
25 path of differentiation and will, under appropriate conditions, eventually 
differentiate into glia or neurons. 

The term "precursor cells", as used herein, refers to the progeny of neural stem 
cells, and thus includes both progenitor cells and daughter neurai stem cells. 

CNS precursor eel', derived from stem cells can be cultured using the methods 
30 described in Example 3 below, and in the published PCT applications referenced 
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above. In the embryo, neural stem cell-containing tissue car be obtained from any 
CNS ref ion, including the striatum, cortex, septum, thalamus, ventral 
mesencephalon and spinal cord. However, in adult, the neural tissue is preferably 
obtained from tissue lining the various ventricles and passageways within the CNS. 
5 For example, tissue can be obtained from the regions immediately surrounding the 
lateral (first and second) ventricle: and third ventricle of the forebrain, the cerebral 
aqueduct, the fourth ventricle, and the central canal. Growth factor-responsive 
,su- . - - orr- tn^ .-a h:sli^ ar- : -^w:-. . • ■ juure m-rj.um i; ;,v_- rrts-juct of 
at leas', one growth factor. The meaium is preferably a defined serum-free 
10 medium. Growth factors which may be used for inducing proliferation, singly or 
in combination with other growth factors, include any growth factor which allows 
precursor cells to proliferate, including any molecule which binds to a receptor on 
the surface of the cell to exert a trophic, or growth-inducing effect on trie cell. 
Such factors include acidic and basic fibroblast growth factors (FGF- 1 , and FGF- 
15 2), epidermal -owth t, :lt fEGF), an EG -like ligand, ampnir: gulin, 

transforming growth fa ;or alpha (TG: anc the like. Th> c-. : : is induced to 
divide giving rise to a cluster of undifferentiated cells that are not immunoreactive 
for the astrocyte marker, glial fibrillary acidic protein (GFAP); the neuronal 
markers, neurofilament (NF), microtubule associated protein (MAP-2), and neuron- 
20 specific enolase (NSE); or the oligodendrocyte markers, myelin basic protein 

(MB?) and galactocerebroside (GalC). However, precursor celt, within the cluster 
are immune reactive for nestin, a: intermediate filament protein found \r 
undifferentiated CNS cells. The nestin marker was characterized by Lehndahl a 
a!. [Cell, 60: 585-595 (1990)]. The mature phenotypes associate with the neural 
25 cell types which may be differentiated from the prog* jy of the precursor cells are 
predominantly negative for the nestin phenotype. 

In the continued presence of a mitogen such as EGF, FGF or the like, precursor 
cells within the neurosphere continue to divide resulting in an increase in the size 
of the neurosphere and the numoer of undifferentiated cells |nestin( + j, GFAP(-), 
30 NF.-), MAP— 2(-), NSE (-;. MBP (-), GalC(-)]. At this stage, the cells are non- 
adherent and tend to form the free-floating clusters characteristic of neurospheres. 
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How^ .'er, culture conditions may be varied so that while the precursor cells still 
express the nestin phenotype, they do not form the characteristic neurospht res. 

Differentiation of the cells can be induced by any method known in the art which 
activates the cascade of biological events which lead to growth, which include the 
liberation of inositol triphosphate and intracellular Ca 2+ , liberation of diacyl 
vAy: -o! and the activation of protein kjnase C and other e llular kinas* . and th- 
Lk- Tr r.Ti. with phorbo; esters, differentiation-incu:ing growth factors and 
other chemical signals can induct differentiation. Differentiation can also be 
induced by plating the cells on a fixed substrate such as flasks, plates, or covcrsiips 
10 coated with an ionically charged surface such as poiy-L-lysine and poly-L-ornithine 
and the like. 

Other substrates m?y be used to induce differentiation such as collagen, 
fioron in, lamimr, matrigel, and the like. Differentiation can also d. induced by 
leaving the cells ir suspension in the pre^enct of a proliferation-inducing growth 
15 factor, without reinitiation of proliferation (i.e. without d:ssocia:ing the 
neurospheres). 

A preferred method for inducing differentiation of the neurai stem cell progeny 
comprises cultunng the ceils on a fixed substrate in a culture medium thai is free 
of the proliferation-inducing growth factor. After removal of the proliferation- 

20 inducing growth factor, the cells adhere to the substrate (e.g. poiy-ornithine-treated 
plastic or glass), flatten, and begin to differentiate into neurons and glial cells. At 
this stagi the culture medium may contain serum such as 0.5-1.0% fetal bovine 
serum (FES). However, for certain uses, if defined conditions are required, serum 
would not be used. Within 2-3 days, most or all of the neural stem cell progeny 

25 begin to lose immunoreactivity for nestin and begin to express antigens specific for 
neurons, astrocytes or oligodendrocytes as indicated by immunoreactivity for MAP- 
2, GJ -aP and GalC. respectively, using immunoeytoehemistry techniques well 
known in the art. 
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In summary, CNS stem cells have been isolated from a variety of embryonic and 
adult CNS regions including the striatum, the spinal cord, brain stem, and 
hypothalamus. In each of these cases the isolated CNS stem cell xhibits self- 
maintenance and ultimately generates a large numb, ; of differentiated progeny 

5 which include neurons, astrocytes and oligodendrocytes. Thus, stem cells are 
present in multiple regions of the adult mammalian CNS and can be cultured, in 
vitro to obtain large numbers of undifferentiated neural cells, whose differentiation 
may ; re^uUtec \v t. v cpn.. — o: o: ; i - .... .or.- irid . • >tr.c •' 
tactors. The undifferentiated cells ^either as a ce. suspension or intact 

10 neurospheres) proliferated using these techniques can be cultured to generate 

dopaminergic cells using the same methods described above for the induction of 
dopaminergic neurons in primary neural tissue. 



Tranrplantati i of Cultured Dopaminergic O 'Is 

Tnerapeutic compositions comprisin. ourin : population; of differentiated 

15 dopaminergic ceils, derived from primary culture or from the proliferated 
precursor progeny of neural stem cells can be prepared and administered into 
dopamine deficient regions of the brain of a recipient Alternate ei> therapeutic 
compositions comprising differentiating cells that have been cultured in a culture 
medium that induces the formation of dopaminergic cells may be prepared. The 

20 composition is administered to the appropriate brain region, where ttu cells are 
implanted prior to the completion of the differentiation process. Following 
implantation, the differentiation of dopaminergic cells ma> be completed in vivo. 
The composition may comprist purified cells, prepared using any suitable 
purification method. The composition may also comprise other types of neural 

25 cells. Any suitable method for the implantation of dopaminergic cells or precursor 
cells near the region of dopamine depletion may be used. Methods taught in U.S. 
Patent No. 5,082,670 to Gage a al. for t.ne injection of cell suspensions, such as 
fibroblasts, into the CNS may be employed for the injection of the differentiated 
dopaminergic cells prepared by thf culture methods disclosed herein. Additional 

30 approaches and methods may be found in Neurai Grafting in the Mammalian CNS, 
Biorklunc and Stenevi, ec., (1987). Xeno and/or allografts may require the 
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application of immunosuppressive techniques or induction of host tolerance to 
enhance the survival of the implanted cells. 



In some instant s, it may be possible to prepare differentiating or differentiated 
dopaminergic cells from a recipient's own nervous system (for example, from 
5 tissuj removed during biopsies). In such instanc % the dopaminergic cells may be 
r iU : in ; jltur from the rrogeny o: m ural --re Ms. The c !h from the 
dissociated nervous tissue are grown in the presence of a proliferation-inducing 
growth factor such as EGF or FGF. Upon suiu. Ae expansion of numbers, the 
precursor ceils are contacted with a growth factor cr a combination of growth 

m ^r>t^ r c onH/^r o ^^nHitionpH mpHiiim or rnmhinarinn^ of conditioned media, which 
induce *he differentiation of dopaminergic cells. Preferably, the cells are 
proliferated and dopamine expression is inducec using a defined culture medium. 
A composition comprising the differentiating or differentiated dopaminergic cells is 
administered to the appropriate p giont s) of the recipient's brain. Th: com: -osition 

If, may additionally comprise growth factors or other components that enhance the 
survival of the cells upon implantation. 



Drug Screening Using Cultured Dopaminergic Cells 

The dopaminergic cells produced using the methods disclosed herein may also be 
used ;c screen the effects of drugs and other compounds on dopaminergic cells 
20 The screening methods disclosed in co-pending applications U.S. Ser. No. 

08/311,099 and U.S. Ser. No. 08/339,090 may be used. Generally, tne effect of 
the drugs and other compounds on the ability of the differentiating or differentiated 
cells to produce and/or meiabolize dopamine would be measured. 

Example 1 : Pro pa gation of Prmary Cultur. 3 
25 The brains of E14 embryonic a:bino mice were placed in phosphate buffered saline 
(PBS) and dissected to obtain the striata, cerebral cortex and mesencephalon. The 
neural tusue was mechanically dissociated in serum -free medium (Dulbecco's 
Modified Eagle's Medium (DM EM) and F12 nutrient (G1BCO), using a fire 
polished Pasteur pipette. Cells were plated at a density of 10 6 cells/ml on poly-L- 
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ornithine-coated (15/xg'nil; Sigma) glass coverslips in 24 well Nunclon culture 
dishe in a volume of 0.5 ml/well of Complete Medium or co-culture^ on a glial 
feed bed. Growth factors and/or conditioned media and/or \ % serum were 
adde^l to the wells as outlined in Example 6. Cells were incubated at 37° C in a 
5 959c air/5% C0 2 humidify atmosphere. 

Examr> n : Induction of Tyrosine Hydroxylase Expression 

To label i roliferatint, cells in the subependyma of tru subventricular region of the 
brain, adult CD X mice were given five injections of BrdU (Sigma. 120 mg/kg) in 

10 sterile saline solution, administered at two hour intervals [Morshead and van der 
Kooy, J. Neurosci., I: 49 (1992)]. Thirty minutes after the last BrdU injection, 
the animals were sacrificed. The striata were removed, cut into 1 mm coronal 
sections and placed in artificial cerebrospinal fluid (aCSF; 124 niM NaCI, 5 nM 
KC1, 1.3 mM MgCl 2 , 2mM CaCl 2 , 26 mM NaHCO } and 10 mM P-giucose (pH 

I. ' .2:', —2 30 mOsmol), aerated with 9. % C0 2 at nxvr. temperature After 15 

minutes in the aCSF, the subventricular zones were micro dissected out, cu' into 
small pieces and transferred to a spinner flask (Bellco Glass) with a magnetic 
stirrer, containing a low-Ca : -aCSF solution (124 mM NaCI, 5 mM KC], 3.2 mM 
MgCI 2 , O.i mM CaCl 2 , 26 mM NaHCO, and 10 MM D-glucose ipH 7.:5. -280 

20 mOsmol), 1.33 mg/ml of trypsin (9000 BAEF (benzoyl-L-ai-ginine ethvlester) 
units/mg), 0.67 mg/ml of hyaluronidase (2000 units mu) anc 0.2 mg'ml of 
kynurenic acid. This solution was aerated with 95% C0 2 /5% 0 2 at 32°C to 35°C. 
After 90 minutes, tissue sections were transferred to normal aCSF for 5 minutes 
and then placed in DMEM/F12 medium containin; 0.7 mg/mi ovomucoid (Sigma). 

25 The tissue was mechanically triturated with a fire-narrowed Pasteur pipette. Cells 
were centrifuged at 400 r.p.m. for 5 minutes and resuspentied in Complete 
Medium with or without conditioned medium from the ra: B49 glial cell line (see 
example 5) and FGF-2 (20 ng/ml). They were plated onto poiy-L-ornithine-coated 
£lass coversiips in 24-wel! Nunclon tissue culture dishes and incubated a: 37°C, 

30 100% humidity, aerated with 95% C0 2 /5% 0 2 , for three days. The cells were 
then fixed and processed for dual-label indirect immunocytochemistry for TH and 
BrdU, *.s outlined in Example 11. The presence of BrdU labeled cells, which were 
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also TH— 1R, onl> in those cells treated with CM and FGF-2 (Fig. 1), sugrest that 
adult proliferating subventricular zone cells can be induced to express TH in the 
presence of the CM and growth factor. 

fr ample 3: Isolatir and Prop:." ation_QX_Emhrvonic Stem C-Us 
5 A Mouse Stem C 'is 

t -nbryonic dry ; ■ "EM) C D. albin- m : e 'Char'.- ■ River" w -re c ar/uu:- ' and tfu 
b.ain and stria* removed using sterile i rocedure. The tissu was mecnani ally 
dissociated with a fire-polished Pasteur pipette into Complete Medium. The cells 
were centrifuged at 800 r.p.m. for 5 minutes, the supernatant aspirated, and the 

, i • . tm # — x n it- T ^> r^^A, ,,rr- fnr ^<~inn ti - r Thf rH K were 

iO cens resuspenu*. j m i^jvi^ivi/i hil.«iu... - — r - — - 

resuspend'.d in Complete Medium wi:h 16-20 ng/ml EGF (purifiec from mouse 
submaxillary. Collaborative Research) or TGFq (human recombinant, Gibco). 
plated at 0.2 >: !0 6 cel'.s/ml into 75 cm : tissue culture flasks (lorning) with no 
substrac pre-; tmc: and housed ir. an incubator at V7°C, 10091 humi-„:ty. 9: % 

1 ' air/5% CG\. T ie cells proliferated within u c first 48 hour, and by 3-4 days in 
vitro (DIV), thc\ tormed neurospheres thai lifted off the substrate between 4-6 
DIV. 

After 7 DIV, the neurospheres were removed, centnfuged at 400 r.p.m. for 2-5 
minutes, anc the pellet was mechanically dissociated into individual cell* with a 
20 fire-pohshed g.ass Pasteur pipet in Z mis of Complete Mec;um. 1 x !0" ceils were 
repiatec: into a 75 cm 2 tissue culture fiask with 20 mis of the EGF-contaimng 
Complete Medium. The proliferation of the s.cm cells and formation of new 
neurospheres was reinitiated. This procedure can be repeated every 6-8 days. 

R, Hi i man Stem Cells 

25 Fetal human forebrain tissue (post-conception week 10.5). obtained following 
routine suction abortion procecures, was mechanically dissociated with a fire- 
poiished Pastecr pipette and placed into Complete Medium. The cells were 
centrifuged at 80i r.p.m. for 5 minutes, the supernatant aspirated, z .d the cells 
resusper.aed in DMEM/F-12 medium for counting. The cells were resuspended in 

30 Complete Medium with 20 ng/ml EGF (Chiron Corp.) and 10 ng/ml FGF-2 (R&D 
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Systems), plated at approximately 1.5 x 10 6 cells/ml into culture flasks (Nunclon 
T175) with no substrate pre -treatment and housed in an incubator at 37°C, 100% 
humidity, 95% air/5% C0 2 . The cells proliferated after 5 days and by day 10 
started to form nt irospheres which lifted off the substrate from day 21. 

5 After 15 DIV, the neurospheres were removed and centrifug d at 1500 r.p.m. for 
7 minutes. The pellet was mechanically dissociated into individual cells by 
t>:ura;.m >-V .irne- ;. 1 mls-o; jmpi*- r 1" - . In-* ^ is wt : ^ >unt: ; * nc 
1.5 x 10 6 cells/ml were replated into each of seve ral culture flasks (Nun; ;on 
T175), with 25 mis of Complete Medium containing EGF and F3F-2, as above. 
10 Tht prol feration of the su m cells and formation of m neurospher; s wa^ 

reinitiated. This procedure can be repeated (i.e. the cells can be passaged) every 
2-3 weeks. 

■ xami' 1 - 4 T : ?;>aratior c " Glial Feeder levers An astrocyte glial cell feeder Ia> er 
wa:- pr: pared from striatal tissu:- obtains d from postnasal mict (0-24 hours). The 

15 neural tissue was dissected out, minced and transferred to a 15 ml centrifuge tube 
containing DMEM/F12 (1:1)/10% FBS. The tissue was dissociated by trituration 
with a fire polished glass pipette and plated in Coming culture flasks containing 20 
ml of DMEM/F12/10% FBS at a density of 150,000 cells/ml. When the primary' 
astrocyte glial cells reached conflueney, the cells were dissociated (using trypsin- 

20 EDTA) and replated at 200,000 ctlls/cm 2 onto poly-L-ornithine-coated glass 
covershps in 24 well culture dishes. After 3 to 4 days, confiuency was 
reestablished. Cells obtained from the culture of primary tissue (Example 1) or 6 
day old, BrdU-labelled second passage neurosph - s (Example 3) were washed 
twice and resuspended in fresh medium (free of serum, EGF or BrdU) prior to co- 

25 culturing the cells or neurospheres on the astrocyte feeder beds (Examples 6 and 
7). 

Exrmple 5: ' reparation of Conditioned Mediu m 

Conditioned medium (CM) was prepared from astrocytic cells or from a rat B49 
glial cell line [Schubert e: aL, Nature, 249: 224, (1974)]. An astrocyte glial cell 
30 feeder layer was prepared (Example 4). The astrocytic layer was passaged once 
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before collection of the CM. Rat B49 glial cell line cells were cultured under the 
same conditions as the astrocytic cells. Confluent astrocyte or ra: B49 glial cell 
line cultures w re rinsed once with PBS and twice with serum-free Complete 
Medium and incubated in 20 ml of the same medium. The CM was collected 24, 
5 48 and 72 hours after incubation commenced and centrifugec at 1,000 to 2,000 
r.p.m. to remove any cell or debris The CM was stored at -80°C. 

Exanpi- • / vif'p Induction of TH— IF in Ceib ived from Priman Cmture 
Para :; : t ? 1 : Primary cultures derived from tissue of the striatum and cerebral 
cortex were p- -jared as outlined in Er.^mple 1. Complete Medium (control). EGF 
in nn «r*/mi- rv,-~r*n\ rp^nmKinQnt Pr;P-9 (00 no/ml- R X' D .^v^tfnO a combination 

aw \ mi, w ,. , . vii/, * w w w ■ « • ^ » - — - — v - ■ c i —j ' ' 

of EGF plus I 3F, astrocyte (ACM) or rat B49 glial cell line conditioned medium 
(BCM; s e Example 5) were added singly or in combinations to individual wells at 
the time of p. *mg (time, t = 0). 1% FBS (Upstate Biotechnology Incorporated) 
was added tc 60^ of thi wells which did not r^\ive conditioned medium. 

15 Immunoc-toehenvi al analysis for the detection of TH+ cells (Example 5) was 
undertaken 24 hours after plating. Results are summarized in Table 1. The 
addition of 1 % FBS to the CM-free wells caused a three-fold increase in the 
numbers of TH+ cells recorded in the presence of the growth factors. The 
combination of FGF-2 plus BCM produced the most profound results, resulting in 

20 the generation of, on average, more than approximate!) 5.000 TH- cells cm 
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TABLE I 

Average Number Of TH + Cells Generated Per cm 2 
From Striatal And Cortical Primary Cultures 

STRIATUM CORTEX 
FBS-free 1 % FBS FBS-free 1 % FB$ 



contro: 4 2 12 29 

EGF 10* 18 K* 25* 

GF 326 1 128 7_ 2y;. 

i.GF+FGF 350 1668 75 229 

10 ACM 10* — — — 

ACM + EGF 10* — — — 

ACM-f-FGF 1468 _ — — 

ACM + rr" 1645 — — ~ 

L CM 16 — — — 

15 BCM + EGF 26 — — ~ 

BCM + FGF 5397 — — — 

BCM+E-F 4470 — ~ ~ 



"Increase over control values not significant. 
20 n - 4 



Paradierr 2' Cells obtained from primary culture (Example 1) were washed twice 
and resuspended in fresh medium prior to co-cultunng the cells on astrocyte feeder 
layers (Example 4) in the presence of Complete Medium (control) or Complete 
Medium plus EGF, FGF-2 or a combination of EGF and FGF-2 (20 ng/ml of each 
25 —owth factor), 1 /iM BrdU and \ % FBS. Indirect immunocytochemistry 

(Example 11) was carried out on cells that had been cultured for 24 hours. A 
significant increase in TH-IR was detected in striatal cells co-cultured in the 
presence of FGr-2 or EGF plus FGF-2 when compared with cells cultured only in 
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Complete Medium. A small, but significant increase was observed in the presence 
of EGF alone. Primary cells derived from the cortex showed a similar response to 
EGF and FGF alone (a significant increase over control values) but the larrest 
increase in 7H-IR was seen using EGF and FGF- 2 together. As md.catec by 
; BrdU uptake, few cdls from the mesencephalon are mitotically active, even in the 
presence of growth factors. The results are summarized in Tab! II. 
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Exr nple 7; In Vitro I nductior of TH expression usinr r Defined Culture Medium 
Prim an* cultures derived from tissue of the striatum and cerebral cortex were 
prepared as outlined in Example 1. Complete Medium (control), FGF-2 (20 
ng/ml; R£D systems), BMP-2 (50ng/ml; Chiron Corp.) and activin (50ng/mi; 
5 Chiron Corp ) w -e added singly or in combination (Complete Medium plus FGF- 
£ and iiMI L . c^.c:.r. ei l^clum r- ^ * anc' .-in) tc inc. /ic — wc^ a; 
the time of plating . Immunocytochemical analysis for the detection of TH+ cells 
(Example 11) wa^ undertaken 24 hours after plating. Results are summarized in 
^able 3. The combination of FGF-2 plus a.tivin or FGF-2 plus BMP-2 produced 
10 the most profound results, resulting in the generation of, on average, 

approximately 5,000 TH+ neurons per cm 2 . In contrast, the control, comprising 
Complete Medium alone, produced an average of 2 TH+ cells p r cm 2 . 

7 v ?: Number of f "H- immunor .c . e per cr I 



MEDIUM SUPP! EMENT 


#TH+CELLS 


No supplement (control) 


2-1 


FGF-2 


2iC'±29 


BMP; 


2±1 


Activin 


0 


FGI -2 + BMP, 


4622±1207 


FGF-2 ■+ Activin 


4930r289 



Example 8: Ik Vino Induction of TH — IR in Neur al Stem Cell- 
Derived Pr - cursor Cell Progeny Using Conditioned Medium 

Par.idigra I: Single, undissociated 6 day old primary generated n j . irospheres (see 
Example 3) were plated onto poly-L-ornithine coated glass coversiips, in 
25 Complete Medium with or without rat B49 glial cell line-derived CM (Example 
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5) + 20 ng/ml FGF-2, and incubated at 37° C in 5% C0 2 , 95% air, 100% 
humidity. 24 hours after plating, indirect immunocytochemistry for TH+ (see 
Example 11) revealed the presence of TH+ cells, with processes and a neuronal 
morphology, in tht wells containing CM and FGF-2 (FIG. 2) but not in the wells 
5 containing only Complete Medium. 

Paradicm 2: Single, undissociated six day old, second passage neurospheres 
(Example 3) were labeled with BrdU, washed twice and resuspended in fresh 
mt ■ +n, -r\o. ;o~ olturim- t\ :< n irosph-- on asro, ae fe - iif .avers 
(Example ^) in the presence of Complete Medium or Complete Medium plus 
10 FGF-2 (20 ng/ml). Indirect immunocytochemistry (Example 11) was carried out 
on cells that had been cultured for 24 hours. TH — IR cells with neuronal 
morphol ogy that stained positive for MAP-2 were observed in the neurospheres 
cultured with FGF-2. Several of the TH+ cells showed BrdU immunoreactivity 
r 1G. 3). 

1: : rnr' F» -o Inducti on o r ~ . — IR in 

N-.^ Mt m Ctii-r ^-"^ ve:' : : ; ? iv . sins r >e:.n?c' Mediurr 

Sm^.e, undissociated 6 day old primary generated neurospheres (see Example 3) 
are plated onto poI\-L-ornithine coated glass coverslips, in Complete Medium 
with a combination of 20 ng/ml FGF-2 and 20 ng/ml BMr-2 or a combination of 
20 20 ng/ml FGF-2 and 20 ng/ml activin (Example 7), and incubated at 37° C in 5% 
CO,. 95% air. 100% humidity. The number of dopaminergic neurons is 
determined bv TH-immunoreactivity (Example 11). 



Examp le 10: In Vitro Induction of TH — IR in 
Huma:. Embrvonic Neura Stem Cell-Derivec Progeny 

25 Human neural stem cells were proliferated and passaged 35 times, to increase the 
quantity of cells, as described in Example 3B. 12 day old neurospheres were 
obtained from the final passage. The neurospheres were washed, suspended and 
mechanically dissociated in Complete Medium. The neurospheres were plated on 
poly-L-omithine coated (15 ng/ml) glass coverslips (density: 0.3 million cells) in 

30 24 well Nunclon culture dishes under either control (Complete Medium) or TH- 
inducing conditions (0.8 ml/well; 75% rat B49 glial cell line-derived CM 
.Example 5) + 20 ng/ml FGF-2). In addition, cell preparations containing CM 
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alone .75%) or F3F-2 (20 ng/ml) alone were incubated to determine their effects 
when used separately. The cells were incubated at 37°C in 5% C0 2 , 95% air, 
100% humidity. After 1 DIV and 3 DIV the number of TH-IR cells were 
determined as outlined in Example 11. The results are shown in Table 4. 



Table 4: Number of TH- Cells/cm : 





Nun - - • : • • 
After 1 . >ay In Vitro 


r — r 

'\um' 

Celis/cnV A:ter 3 Days 
/« ('/fro 


Compleu Medium 
(control) 


278 


278 


FGF-2 at 20 
ng/ml 


265 


222 


CM (75%) 




667 


CM (75%) + 
FGF-2 f.:0 ng/rr.i) 


473 


1890 



Example ]\: Immunocvtochemistry 

15 Cells were fixed with 4% paraformaldehyde for 30 minutes followed by three 

washes in PBS for 10 minutes each. The cells were incubated with a primary anti 
TH antibody (rabbit polyclonal, 1:1,000, Engene Tech International Inc.; or 1:100, 
Pel-freeze) prepared in PBS/10% normal goa: serum/0.3 Triton X-100 for 2 hours 
at 37°C. Following three rinses in PBS, goat anti-rabbit rhodamine (Jackson) was 

20 applied in PBS for 30 minutes at room temperature. In some cases, MAP-2 

(Boehringer-Mannheim) was used to identity- neurons. Cells were then washed 
three times for 10 minutes each in PBS, rinsed with water, placed on glass slides 
and eoverslipped using Fluorosave (Calbiochem) as the counting medium. The 
number of dopaminergic neurons was determined by counting all the TK- 

25 immunoreactive (TH+) per cm 2 , under 200x magnification. 
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Fvam ple 12: Tr ans plantation of D ja minerpic Cells 

A: Transplantation of Cells DeHvec from Cultured Humar Neural Stem Cells into 
p. Mouse Mode! of Parkinson's Disease 

Fetal human forebrain stem cells are proliferated in culture as outlined in 
5 Example 3B and passaged 35 times. Three days prior to transplantation, the 

floating m- .lrospheres are removed and treated in on- of two methods to enhance 
n^ uronal differentiation to a TH r henotypc. With the first TH enhancement 
n> )C • • , c. 1 ;*. aro tn_--t- a d- briber in F.xam • r above 'with 1 uM BrdU 
added to the medium. Or. thi- day of transplantation, cells are rinsed, dc :ached 

10 with tryp^in/EDTA, and then treated with trypsin inhibitor. Cells are suspended 
in HBSS at a density of 20 x 10 6 cells/ml for transplantation. For the second TH 
enhancement method, the ..ells are placed in untreated flasks, which causes 
neurosphc res to remain floating. The culture medium components are the same 
as in the first method. On the day of transplantation, cells are rinsed, triturated 

15 lightly, and then suspended in HBSS at a density of 21 x 10* cells/ml for 

tranrolantiiuon. AH cells ar stored at 4 °C during the transplantation pe iod. 

To model Parkinson's disease, hos; Wistar rats (approx. 275 gm; Charles Raver) 
receive unilateral administration of 4 ul of a 2 ug/ul solution of 6-OHDA (6- 
hydroxydopamine; Sigma) to lesion the dopaminergic neurons in the substantia 
20 nigra compacta of the ipsilateral side. Sixteen days later they receive transplants 
of the human stem cell progeny into the ipsilateral striatum. 5 animals receive 
cells treated as in the first TH enhancement method, and 5 animals receive cells 
treated as in the second enhancement method. Animals are sacrificed after 1 
week, 6 weeks, and 3 months. 

25 Animals are perfused transcardially with aldehydes, brain tissue is removed and 
cut into 10 urn thick sections and then tissue is mounted directly onto microscope 
slides. Double immunostaining techniques are used for light microscopy to 
identify transplanted cells (BrdU+) that contain tyrosine hydroxylase (TH+- using 
antibodiLS against BrdU and TH. Different colored substrates allow the 

30 ioe ntificauon of double labeled cells indicating that a population of the 

transplanted cells differentiated into neurons with a dopaminergic phenotype. 
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£i Parkinson's disease is a condition characterized by degeneration of the 
dopaminerc c pathway to the striatum and results from decreased dopamine levels 
in this region. The condition is characterized by muscular rigidity, tremor, and 
other motor abnormality 3. Precursor cells, prepared from human fetal tissue are 
5 proliferated (Example 3B) and induced to differentiate into dopaminergic cells 
(Example 11). Dopaminergic cells are stereotactically injected into the striatum 
cv F ri nsonian j.atient. Booster injections may b* performed if required 
Alt: matively. precursor e^ells are prepart a from neurai tissue obtain ^ from a 
biopsy of the Parkinsonian patient's brain and induced to differentiate into 
10 dopaminergic cells (Example 7 or 8) and stereotactically injected into the striatum 
r * a u — «^;„Jv *u** nrp-nrcnr n^llc ran Hp rnlnired in the nnsence 

Ul U1C JjailCUL. rkilWiiAan*vi;, — * 

of a culture medium that induces the formation of dopaminergic celis and 
implanted into the striatum of a Parkinsonian patie nt where the precursor cells 
differentiate, in vivo, into dopaminergic cells. Improved motor control is used to 
15 measure tht suece^ if the transplantation. 

Fvample 1 ?: Drue Sc-een in p Using Cultured Dopaminergic Cells 
Prozac, a drug widely used in the treatment of psychiatric illness, is added to 
cultured dopaminergic cells prepared as outlined in Examples 6. 7. 8. 9. 10 in 
concentrations ranging from 1 ng/m! to 1000 ng/ml. The effects of the drug at 
20 various concentrations with respect to cell metabolism and survival is monitored. 



All references, patents, and patent app'ications cited herein are incorporated 
herein by reference 
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WHAT IS CLAIMED IS: 

1. A method for inducing the expression of tyrosine hydroxylase in neural cells in 
vitro comprising contacting said neural cells with a culture medium comprising at 
least one member of the fibroblast growth factor family and at least one additive 
5 selected from the group consisting of conditioned medium and members of the 
transforming growth factor beta family. 

1. T:. me:: j o: e;a.m i wner-;r. saiu- cult' " me^iu: : a-. : :nec iini;. o; 

the fibroblast growth factor family is FGF-2 and said additive is a memb*- of the 
transforming growth factor beta family selected from the group consisting of 
10 activin and bone morphogenic protein-2. 

3. The method of claim 1 wherein said neural cells are cultured on an ionically 
char: ed surface selected from the group consistir.g of poly-D-l vsine, po.\-L- 

orr:i:r.me, Matrgd, laminin, fibronectin. 

4. The method of claim 3 wherein said charged surface is poly -L-ornnhine. 

15 5. The method of claim 1 wherein said neural cells are obtained from normally 
non-dopaminergic neural tissue. 

6. The method of claim 5 wherein said normally noi'.-dop.iimi-.erju r.-j.ir.il iism^- 
selected from the group consisting of the striatum and the cortex. 

7. The method of claim 1 wherein said additive is conditioned medium selected 
20 from the eroup consisting of astrocyte conditioned medium and glial cell 

conditioned medium. 

8. The method of claim 7 wherein said conditioned medium is derived from rat 
B49 glial cell line. 

9. The method of claim 1 wherein said culture medium further comprises serum. 
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10. The method of claim 1 wherein said neural celis ar:- cultured in the absence of 
a feeder layer. 

11. The method of claim 1 wherein said neural cells are primary cells obtained 
from embryonic tissue. 

5 IT Th-. m-thoc ^ claim ] whe-- .n said n jra' c^llsar- th - r or t- ? at least 
one multipotcnt m arai stem eel! prolireratec in vitro ir. the pr-sence of a 
proiiieration-inducing growth factor. 

13 The method c claim wherein said multi^oien! neural stem ce!i is derived 
from adult neural tissue. 

10 1-. A method ir inducing the expression of tyrosine hydroxylase in primary 
m arai cells //, vitro comprising coniacti:u said n< urai c jlls with an ionica!''y 
charged surface selected from the group consisting of poly-D-lysine. poly-L- 
ornithine, Macrigel, laminin, fibronectin, in a defined culture medi.im comprising a 
member of the fibroblast growth factor family and at least one member of the 

15 transforming growth factor beta family. 

15. The method of claim 14 wherein said member of the fibroblast growth factor 
family is FGF-2 and said member of the transforming growth factor beta family is 
selected from the group consisting of acuvm and bone morphogenic protem-2. 

16. The method of claim 14 wherein said primary neural cells are obtained from 
20 normally non-dopaminergic neural tissue. 

17. A method for inducing the expression of tyrosine hydroxylase in neural cells 
obtained from normally non-dopaminergic neura! tissue comprising contacting *aid 
neural c ;ls with a feeder layer and a culture medium comprising fioroblast growth 
factor. 
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18. The method of claim 17 wherein said feeder layer is derived from normally 
non-dopaminergic neural tissue. 

19. The method of claim 17 wherein said culture medium further comprises 
serum. 

: 20. The method of claim 17 wherein said neural cells are the progeny of at least 

on^ muiupoten: ru ur. ; st :r. ce! :c \-crauc //: vrrc ir. :v, pr-. \ rowir 

factor. 

21. The method of claim 17 wherein said normally non-dopaminergic tissue is 
selected from the group consisting of the striatum and the conex. 

10 22. The method of claim 17 wherein said culture medium further comprises 
conditioned medium. 

23. The metnod of claim 22 wherein said conditioned medium i. demed trom 
glial celis. 



24. The method of claim 22 wherein said conditioned medium is denied irom 
15 astrocytes. 

25. The method of cia:m 22 wherein said conditioned meu»um \± ocri^eu irom rat 
B49 glial cell line. 

2c. The method of claim 18 wherein said culture medium further comprises 
serum. 

20 27. A methoc of treating a neurological disorder in a patient requiring 

dopaminergic cells comprising transplanting differentiating or differentiated 
dopaminergic cells into said patient at a CNS region requiring dopaminergic cells, 
said differentiating or differentiated dopaminergic cells being formed by contacting 
neural cells with a culture medium comprising a member of the fibroblast growth 
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factor family and at least one member of the transforming growth factor beta 
family. 

28. The method of claim 27 wherein said patient has Parkinson's disease and said 
differentiating o: din rentiated dopamine:, ic cells are administered to said patient's 

5 striatum. 

29. The rru noc of claim 27 wherein said member o: the fibroolast growth factor 
family is FGF-2 and said member of the transforming growth factor beta family is 
selected from the group consisting of activin and bone morphogvmc protein. 

30. The me'hod of claim 27 wherein said culture 1 medium is defined. 



10 31. The method of claim 27 whertm sa.d neural cells are obtained from the CNS 
of said patient 

32. A method of screening the effects of a drug on dopaminergic jells comprising 

a) cultunng neural cells derived from neural tissue in a culture medium 
comprising at least one member of the fibroblast growth factor family and at least 

15 one additive selected from the group consisting of conditioned medium, and 

members of the transforming growth factor beta famiis to produce dopaminergic 
cells, 

b) administering a drug to said dopaminergic cells, and 

c) observing the effects of said drug on said dopaminergic cells 

20 33. The method of claim 32 wiierein said effects are determined by measuring the 
ability of said dopaminergic cells to produce or metabolize dopamine. 

34. A therapeutic composition for tne treatment of a neurological disease or 
disorder, said composition comprising differentiating or differentiated dopaminergic 
cells derived from neural cells cultured m virro in a culture medium comprising a 
25 member of the fibroblast growth factor family and at least one member oi the 
transforming growth factor beta family. 
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35. The therapeutic composition of claim 34 wherein said member of the 
fibroblast growth factor family is FGF-2 and sa!d m - mber of the transforming 
growth factor beta family is selected from the group consisting of activin and bone 
morphogenic protein. 

5 36. The therapeutic composition of claim 34 or 35 wherein said culture medium is 
denned. 

37. The therapeutic composition of any of claims 34 to 26 wherein sa!d neural 
cells are obtained from the CNS of saic patient. 
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